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rranging  organisms  into  functional  groups  aids  ecological  research  by  grouping  organisms  (irrespec-
ive of  phylogenetic  origin)  that  interact  with  environmental  factors  in  similar  ways.  Planktonic  protists
raditionally have  been  split  between  photoautotrophic  “phytoplankton”  and  phagotrophic  “microzoo-
lankton”. However,  there  is  a  growing  recognition  of  the  importance  of  mixotrophy  in  euphotic  aquatic
ystems, where  many  protists  often  combine  photoautotrophic  and  phagotrophic  modes  of  nutrition.
uch organisms  do  not  align  with  the  traditional  dichotomy  of  phytoplankton  and  microzooplankton.
o reﬂect  this  understanding,  we  propose  a  new  functional  grouping  of  planktonic  protists  in  an  eco-
hysiological context:  (i)  phagoheterotrophs  lacking  phototrophic  capacity,  (ii)  photoautotrophs  lacking
hagotrophic capacity,  (iii)  constitutive  mixotrophs  (CMs)  as  phagotrophs  with  an  inherent  capacity  for
hototrophy, and  (iv)  non-constitutive  mixotrophs  (NCMs)  that  acquire  their  phototrophic  capacity  by
ngesting speciﬁc  (SNCM)  or  general  non-speciﬁc  (GNCM)  prey.  For  the  ﬁrst  time,  we  incorporate  these
unctional groups  within  a  foodweb  structure  and  show,  using  model  outputs,  that  there  is  scope  for
igniﬁcant changes  in  trophic  dynamics  depending  on  the  protist  functional  type  description.  Accord-
ngly, to  better  reﬂect  the  role  of  mixotrophy,  we  recommend  that  as  important  tools  for  explanatory  and
redictive research,  aquatic  food-web  and  biogeochemical  models  need  to  redeﬁne  the  protist  groups
ithin their  frameworks.
 2016  The  Authors.  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC  BY
icense (http://creativecommons.org/licenses/by/4.0/).
ey words: Plankton  functional  types  (PFTs);  phagotroph;  phototroph;  mixotroph;  phytoplankton;  microzoo-
lankton.
unctional Types in Ecology
n ecology, organism functional  categories  are
ften  more useful than taxonomic  groupings
ecause  they can be based on ecological func-
ion,  rather than evolutionary  history. Functional
roup  descriptions  are commonly  used by scien-
ists  to partition the numerous taxonomic  classes
nto  categories  more relevant to ecology.  The
oncept  provides “a  non-phylogenetic  classiﬁca-
ion  leading  to a grouping of organisms  that
espond  in a  similar  way to a syndrome of
nvironmental  factors” (Gitay  and  Noble  1997).
unctional  group  (also referred  to  as “functional
ype”)  classiﬁcations  thus aid our  understanding
f  ecological  processes  with applications  from
eldwork  through to conceptual  and  mathematical
tudies.
The functional  group  approach  has  been
embraced  by researchers  working  on different
organisms  across biomes.  Especially  when  applied
to  microorganisms,  linking  an ecological function
to  speciﬁc  members  of a community is often
challenging,  as individual  contributions  to rate pro-
cesses  are  difﬁcult if not impossible  to measure in
situ.  Supplementing  the classical  plant/animal  type
dichotomy,  one of the earliest categorizations of
plankton  groups  was based on size, driven by prac-
tical  approaches  to plankton sampling (Lohmann
1911;  Schütt 1892), as well as conforming to typ-
ical  predator-prey  allometries of 10:1 (Azam et  al.
1983). Various  later freshwater and marine stud-
ies  used such allometric  classiﬁcations  (Sieburth
et  al.  1978), speciﬁcally  focussing on phytoplank-
ton  species  (Aiken et al. 2007;  Reynolds et  al.
2002). Kruk et al.  (2010)  found easily identiﬁable
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morphological differences  among phytoplankton  to
correlate  with  functional  properties  and proposed
six  functional groups; these  were  based  on volume,
maximum  linear  dimension, surface area,  and the
presence  of mucilage,  ﬂagella,  gas vesicles, hete-
rocytes  or siliceous exoskeletal structures.  Further
to  morphological  characteristics,  Weithoff  (2003)
used resource  acquisition  capabilities,  such  as
phagotrophy  (bacterivory),  nitrogen ﬁxation,  and
silica  usage, to  divide  phytoplankton  into six func-
tional  groups.
In the context of conceptual  and mathemati-
cal  studies  of marine ecology,  protist  functional
groups  are  typically divided simply into “phyto-
plankton”  (phototrophs) and “microzooplankton”
(phagotrophs);  the former  typically  include  pho-
toautotrophs  while the latter  represent  phago-
heterotrophs  (e.g.,  Baretta  et al. 1995;  Fasham
et  al. 1990;  Plagányi 2007).  However, there is
now  an increasing  recognition  that many “phyto-
plankton”  and photic-zone “microzooplankton”  are,
in  fact, mixotrophic. A  wide range of phytoplank-
ton  ingest prey  while various  microzooplankton
retain  chloroplasts  from their prey  or harbour  pho-
tosynthetic  endosymbionts  and  thus contribute  to
primary  production. Furthermore, many species,
when  engaging  in mixotrophic activity, can attain
faster  growth  than when in photoautotrophic  or
phagoheterotrophic  mode alone (e.g., Adolf et al.
2006;  Burkholder et al. 2008;  Glibert et al. 2009;
Jeong  et al. 2010). Thus mixotrophy,  deﬁned  here
as  phototrophy  plus phagotrophy,  is an  inherent
capability  of many  planktonic protists rather than
being  the exception  that it was previously  consid-
ered  to be (see  reviews by Flynn  et al. 2013 and
references  therein;  Stoecker et al. 2009;  Jeong
et  al. 2010).
Mixotrophic  protists  are  ubiquitous, and com-
monly  have been found to be dominant  in
freshwater  as well as marine systems  from the trop-
ics  to the  poles (e.g., Jeong  et al. 2010;  Sanders
1991;  Stoecker et al. 2009;  Zubkov and Tarran
2008). Yet, most  plankton functional  type  classiﬁca-
tions  make  minimal  reference to these  mixotrophs.
Pratt and Cairns (1985), in their  protist-centric func-
tional  groupings,  emphasised  strategies  to acquire
resources.  They, thus, divided protists  into six
functional  groups  – (1) photo-autotrophic  primary
producers  with no distinction  made  between  those
which  can employ a level  of heterotrophy, (2) bacti-
and  detritivores  feeding on bacteria and/or  detri-
tus,  (3)  saprotrophs consuming dissolved material,
(4)  algivores  primarily  feeding  on algae,  (5) nonse-
lective  omnivores  feeding non-selectively  on algae,
detritus  and bacteria, and, (6) raptorial  predators
feeding  primarily on other  protozoa  and orga-
nisms  from the higher  trophic levels. There is no
explicit  mention  of mixotrophy.  In contrast, Jones
(1997)  and Stoecker (1998) speciﬁcally focussed
on  how  groups of protists combine  phototrophy
and  phagotrophy  to  support growth  (Fig. 1). Jones
(1997)  primarily focussed on the mixotrophic ﬂagel-
lates, proposing  four functional  groups  according to
their  photosynthetic  and  heterotrophic capabilities.
Stoecker’s  (1998)  classiﬁcation  included a wider
group  of protists. In addition  to ﬂagellates,  Stoecker
(1998)  accounted  for ciliates,  sarcodines and pro-
tists  with  algal  symbionts – groups  which had not
been  included  in the  studies of Pratt and Cairns
(1985)  and Jones  (1997).
It is now clear that the  time  has  come to abandon
the  premise  that  protists  are  either  “little plants” or
“little  animals”,  to move away from the misplaced
dichotomy  of  “phytoplankton”  versus “microzoo-
plankton”  (Flynn  et al. 2013). How can we best
reclassify  them for ecological  studies?  Depending
on  the  character of interest, there  is scope to create
many  types of functional  groups. For the applica-
tion  of  functional classiﬁcations  to mathematical
models,  however, a simpler  approach  is  required
in  order  to constrain computational  loads while pri-
oritising  functionality  to biogeochemistry  and/or to
trophic  (food  web) dynamics.  Based on our under-
standing  of aquatic  ecology, coupled  with improved
understanding  of how  protists have  evolved,  we
suggest  that  a reappraisal is  required of the  deﬁni-
tion  of functional  group  descriptions  for planktonic
protists,  now explicitly including  mixotrophs. We
propose  a new,  ecologically  based,  functional group
classiﬁcation  for aquatic  planktonic  protists.  This is
the  ﬁrst time  that  all the three  groups of planktonic
protists  – phytoplankton, mixotrophs  and microzoo-
plankton  – have been  considered  explicitly under
the  functional  group  approach.  The  group divi-
sions  we propose  are based on  both energy and
nutrient  acquisitions,  and are  consistent with  the
main  drivers for conceptual  and mathematical  mod-
elling  (i.e., biogeochemistry  and trophic dynamics).
We  discuss  the importance  of these groups as
descriptors  for future  research  on planktonic protist
communities.
Classifying Protist Functional Groups
In evolutionary  terms, heterotrophy  (originally
osmotrophic  or saprotrophic,  later  including
phagotrophy)  is the ancestral  state  in protists
while  photo-autotrophy  is the derived and more
recent  state (Raven 1997; Raven  et  al. 2009). The
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TYPE I
“Idea l” mi xotroph ; Balanced  pho totroph y an d phago troph y
TYPE II
Phago troph ic “algae ”; Primarily Pho totrophic
TYPE IIA
Feed  when DIN is  limiting
e.g., Prorocen trum mi nim um
TYPE IIB
Feed  unde r trace organ ics growth 
factor limitatio n
e.g., Ur oglena american a
TYPE IIC
Feed  unde r ligh t limit atio n
e.g., Ch rysoch romulin a brevifilu m
GROUP B
Primarily pho totrophic; 
feed  unde r ligh t limit atio n
e.g., Ch rysoch romulin a
brevifilu m
GROUP C
Primarily pho totroph ic; feed  for 
essentia l eleme nt (e.g., iron ) or 
growth sub stance (e.g., 
phospholipids )
e.g., Ur oglena american a GROUP D
Primarily pho totrophic;  very low 
inges tion  rate; inges tion  of prey 
and/or up take  of organ ics to aid 
cell maintenance  unde r se vere 
ligh t limit ation   
e.g., Cr yptomona s ovata
TYPE III
Pho tosynthetic  “protozoa ”; Prima rily Phago trophic
TYPE IIIA
C-fix unde r prey limi tation ; ha ve plastid s 
& assimi lates DIN
e.g., Poteriooch romona s malhamensis
TYPE IIIB
Protozoa  with acqu ired  pho totroph y through   
harbou ring  endo symbionts , plastid  seques tration 
C-fix to supp lement C nu trition
e.g., plastid  retaining Laboe a strob ilia ,
symbiont ha rbou ring  green  No ctiluca scintillan sGROUP A
Growth dependen t on  he terotrophy; 
phototroph y supp lements growth rate
e.g., Poteriooch romona s malhamensis
Figure  1.  Traditional  classiﬁcation  of  mixotrophic  protists  according  to  Stoecker  (1998;  open  boxes)  and  Jones
(1997; grey  boxes).  “Groups”  proposed  by  Jones  (1997)  have  been  aligned  against  “Types”  proposed  by
Stoecker  (1998). DIN,  dissolved  inorganic  nutrients.
developmental  lines  from phago-heterotrophy  to
photo-autotrophy  have occurred through  a series
of  evolutionary pathways with gains and losses
of  physiological  functionality  (Raven et al. 2009).
Notably,  there  have been sequences  of acquisition
and  then  loss of the capability  to photosynthesize
(e.g.,  Delwiche  1999; Saldarriaga et al. 2001;
Van  Doorn and Yoshimoto 2010; Wisecaver and
Hackett  2010). That capability,  and the  nature
of  its expression  in extant protists, is of such
fundamental  importance that it usefully  forms the
basis  of a functional group  classiﬁcation.
Broadly following the  direction  of protist evolu-
tionary  pathways, we propose a division  of protists
according  to the  schematic  shown in Figure 2;
differences in physiological  processes  between
the  different groups  are  highlighted  in Figure 3. All
protists  appear to be osmotrophic  to  some degree,
if  only for  certain vitamins  and  to re-acquire leaked
primary  metabolites  such as protein  amino acids
(Flynn  and Berry 1999). Accordingly,  we  do not use
osmotrophy  as a  functional  group  characteristic. In
contrast,  the presence  or absence  of phagotrophy
and/or  of phototrophy  are clear deﬁning char-
acteristics  that have  profound  consequences for
biogeochemistry  and  trophic  dynamics through
the  operation  of predator-prey  interactions (Flynn
et  al.  2013;  Mitra et  al. 2014a). In what follows, we
thus  place emphasis  on photo-  and  phago-  trophy
as  classifying  processes.
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START  WITH 
PROTIST
Capab le of 
carbon  (C ) 
fixation ?
YES NO
Phago-
heterotrophs/ 
Osmotroph s
e.g., Oxyr rhis ,
Fig. 3(A)
Phagoc ytose?
Photo-autotrophs
e.g.,  diatoms
Fig. 3(B)
Constitutive/inna te 
capability for
C-fixation ?
Con stitutive 
Mixotroph s
e.g., Ka rlod inium , 
Pry mnesi um
CM; Fig. 3(C)
C- fixation  
capabilities 
acquired  from 
specific prey?
Generalist
Non-Co nstitutive 
Mixotroph s
e.g., Labo ea strobila, 
Str ombidi um capit atum
GNCM; Fig. 3(D)
C-fixation  
mediated by 
symbionts?
plastidic
Specialist
Non-Co nstitutive 
Mixotrophs
e.g., Mesodini um, 
Dinoph ysis
pSNCM ; Fig. 3(E)
endosymbiotic
Specialist 
Non-Co nstitutive 
Mixotroph s
e.g., Collo zou m, 
gre en Noc tiluca
eSNCM; Fig.  3(F)
NO
YES
YES
NO
NO
YES
NO
YES
Figure  2.  Flowchart  showing  the  pathways  used  to  derive  the  functional  groups  we  propose  to  classify  the
planktonic protists.  See  also  Figure  3.
We  identify  functional  groups at the extreme
ends  of the spectrum  as (i) phagotrophs,  which
conform  to the common  concept  of “microzoo-
plankton”  (including  heterotrophic nano-ﬂagellates;
Figs 2 and 3A),  and, (ii) phototrophs  incapable  of
phagocytosis  that conform to the common  concept
of  “phytoplankton”  (Figs 2 and 3B).  The  mixotrophic
protists,  combining  phago- and photo-  trophy  in a
single  cell, are ﬁrst  divided with respect  to phototro-
phy  between constitutive (inherent  or  innate)  versus
non-constitutive  (acquired) capabilities.  Constitu-
tive  mixotrophs  (CMs; Figs  2 and 3C) have the
innate  ability  to photosynthesize  – that is, they
have  vertical  transmission of plastids  and,  pre-
sumably,  the ability  to regulate plastid  function  via
protist  nuclear-encoded  genes.  Non-constitutive
mixotrophs  (NCMs, Fig.  2), in contrast, acquire  the
capability  to photosynthesize  from consumption  of
phototrophic  prey.  They depend  on horizontal  trans-
mission  of plastids  or symbionts. The  NCMs can
then  be divided into generalists  and specialists.
Generalist  non-constitutive  mixotrophs  (GNCMs;
Figs  2 and 3D)  can  use photosystems  sequestered
from  a broad range  of phototrophic  prey. Specialist
non-constitutive  mixotrophs  (SNCMs;  Fig. 2) have
developed  a need to acquire  the capacity  for  photo-
synthesis  from one  or  a few  speciﬁc  sources.  This
SNCM grouping  can  then be further divided into
those  which  are  plastidic  (pSNCMs,  Figs 2 and 3E)
and  those which contain  endosymbionts  (eSNCMs,
Figs  2 and  3F).
Constitutive mixotrophs  (CMs, Fig. 3C) conform
to  the common  perception  of  mixotrophic protists as
unicellular  algae  that can consume  other organisms
(Sanders  and  Porter 1988). The  CM  group includes
representatives  from a wide range  of eukaryotic
“phytoplankton”  (almost  all major  phototrophic pro-
tist  groups excluding diatoms;  Flynn et  al. 2013;
Jeong  et al.  2010), ingesting  various prokaryotic
(e.g.,  cyanobacteria,  bacteria)  and eukaryotic prey
(e.g.,  ciliates, dinoﬂagellates,  cryptophytes, amoe-
bae;  Burkholder  et al. 2008;  Jeong et al. 2010;
Stoecker  et  al. 2006; Tillmann  1998; Zubkov and
Tarran  2008).
Non-constitutive  mixotrophs  (NCMs, Fig. 3D-
F)  lack an  inherent  (constitutive)  ability to fully
synthesize,  repair and control the  photosynthetic
machinery  (Flynn  and  Hansen  2013). Mecha-
nisms  differ among  representatives,  but they all
engulf  photosynthetic  prey.  They  may  then  retain
the  prey as  symbionts  through  a process termed
endosymbiosis.  Alternatively, they  retain parts  of
the  ingested  prey necessary for photosynthe-
sis  – chloroplasts  (kleptoplastidy),  along with,
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(A) Phago-heterotroph (B) Pho to-au totroph (C ) Con stuve Mixotroph ; CM
Growth
Phagotrophy
DIM
DOM
Growth
Phototrophy
DIM
DOM
CO2
Growth
Phagotrophy
Phototroph y
DIM
DOM
CO2
Growth
Phagotroph y
Phototroph y
DIM
DOM
CO2
(D) Generali st Non-Con stuve  Mixotroph; 
GNCM
(E) plasdic Special ist
Non-Con stuve Mixotroph; pSNCM
Growth
Phagotrophy
DIM
DOM
Phototrophy
CO2
(F) end osym bioc Sp eciali st
Non-Con stuve Mi xotro ph; eSNCM
Growth
Phagotrophy
Photot rop hy
DOM
CO2
DIM
Figure  3.  Schematic  illustrating  the  different  levels  in  complexity  among  different  types  of  protist.  (A)
phagotrophic (no  phototrophy);  (B)  phototrophic  (no  phagotrophy);  (C)  constitutive  mixotroph,  with  innate
capacity for  phototrophy;  (D)  generalist  non-constitutive  mixotroph  acquiring  photosystems  from  different  pho-
totrophic prey;  (E)  specialist  non-constitutive  mixotroph  acquiring  plastids  from  a  speciﬁc  prey  type;  (F)  specialist
non-constitutive mixotroph  acquiring  photosystems  from  endosymbionts.  DIM,  dissolved  inorganic  material
(ammonium, phosphate  etc.).  DOM,  dissolved  organic  material.  See  also  Figure  2.
sometimes,  the  prey nucleus (karyoklepty)  and
mitochondria,  making  use  of these  for a period  of
time  (see  reviews by Johnson  2011a, b and refer-
ences  therein;  Stoecker et al. 2009). The  retention
time  (for kleptoplastids)  varies from hours  to days
or  longer, depending  on the mixotroph and the prey.
The  GNCM  group (Fig.  3D) uses  chloroplasts
derived  from several to many prey types (e.g.,
Laval-Peuto  and Febvre 1986;  Laval-Peuto  et al.
1986;  Schoener and McManus 2012;  Stoecker
et  al. 1988, 1989). About  a third of the  ciliates
(by  numeric abundance) inhabiting the marine
photic  zone fall  within this GNCM  functional  group
(Blackbourn et al. 1973;  Calbet  et al. 2012; Dolan
and  Pérez 2000; Jonsson  1987;  Laval-Peuto  and
Rassoulzadegan  1988; McManus  et al. 2004;  Pitta
and  Giannakourou 2000; Pitta et al. 2001;  Stoecker
et  al. 1987).  The ability to maintain  an  acquired
photosynthetic  capacity by GNCMs is poor, and
frequent  re-acquisition  is required.
In contrast to the  GNCM  group, SNCMs  acquire
photosystems  from  only speciﬁc  prey. Special-
ization  ranges  from harbouring  only  plastids to
harbouring  intact cells (protists  or cyanobacte-
ria)  as symbionts.  Maintenance  of the acquired
photosystems  is usually good,  so  that SNCMs
can  modulate  photosynthesis  (photoacclimate and
undertake  damage  repair) similar to that seen  in
CMs  but absent  in GNCMs.  Among the SNCMs,  the
pSNCM  sub-group (Fig.  3E) includes  ciliates such
as  Mesodinium  rubrum  (Garcia-Cuetos  et al. 2012),
which  feed on several prey  types,  but acquire pho-
tosynthetic  apparati (and  nuclei)  only from speciﬁc
cryptophyte  clades  (Hansen  et al. 2012; Johnson
2011a,  b; Johnson  et al. 2007), the  dinoﬂagel-
late  Dinophysis,  which sequesters plastids from
the  ciliate M.  rubrum  (Park et al. 2006), and,
an  undescribed  Karlodinium-like  dinoﬂagellate that
acquires  plastids from the haptophyte  Phaeocystis
antarctica  (Gast et al. 2007; Sellers et  al. 2014).
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The  photosymbiotic  eSNCM  sub-group (Fig.  3F)
includes,  within marine systems, the biogeochemi-
cally  important  and cosmopolitan Foraminifera and
Radiolaria  (Acantharia and Polycystinea). These
mixotrophs  harbour  and maintain dinoﬂagellate,
haptophyte,  or  green algal endosymbionts.  The
endosymbionts  are  acquired during the juvenile
stages  and  maintained  throughout most  of the life
cycle  (Caron  et al. 1995).  The presence  of these
endosymbionts  is obligatory  for normal  growth
and  reproduction  in  eSNCMs  (Caron et al. 1995;
Decelle  et al. 2012;  Langer 2008; Probert et  al.
2014).  Freshwater ciliates (Paramecium bursaria,
Vorticella  spp, Stentor spp, Frontonia  spp, Stoke-
sia  spp and  Euplotes  spp) speciﬁcally harbour the
microalga  Chlorella as endosymbionts  (Berninger
et  al. 1986) and thus  falls  within the eSNCM  cate-
gory.  However, in contrast  to the marine eSNCMs,
the  freshwater  mixotrophs  do not require the sym-
bionts  for reproduction  (Dolan 1992).
Proposed versus Other Functional
Group Classiﬁcations
Our proposed grouping strikes  at  the very basis
of  ecophysiology  - whether an organism  is a pri-
mary  producer, a consumer, or some  combination
of  the  two (mixotrophic).  These are key  features
affecting  contributions to biogeochemistry and/or
trophic  interactions.  We now compare our proposal
to  earlier classiﬁcations  of protists  that considered
mixotrophy.
Comparison  of the  mixotrophic functional groups
of  Jones (1997)  to our proposed grouping  (Fig.  1
versus Fig.  2) reveals that all the  groups  proposed
by  Jones are constitutive  mixotrophs (CM, Fig.  3C)
because  they have an innate  capability  to photo-
synthesize.  In contrast,  the groupings  by Stoecker
(1998)  include  both constitutive (Stoecker’s Types
IIA,  B,  C and IIIA  in Fig.  1;  CM,  Fig.  3C) and
non-constitutive  mixotrophs (Stoecker’s  Type IIIB
in  Fig. 1; NCM,  Fig.  3D-F).  The Types  IIA, B and
C  of Stoecker (1998, Fig.  1) could  thus in essence
be  phytoﬂagellates  within the  constitutive  functional
group.
The  prime discriminators for the functional  group
descriptions  of Jones  (1997) and Stoecker (1998)
are the balancing  of energy  and nutrient  supply  and
demand.  Thus, groups  were split  according  to the
proportion  of phototrophy  versus  phagotrophy,  with
the  lesser  activity  “topping up” the least  abundant
resource  (carbon, nitrogen, phosphorus,  iron  etc.).
However,  now we view mixotrophy  as likely per-
forming  a synergistic  rather than a complementary
role in nutrition  (Adolf  et al. 2006;  Wilken et al.
2014a; and as modelled  by Flynn  and  Mitra 2009).
Repression  and de-repression  across the  range of
nutrient  and energy  acquisition  options modulate
expression  of phototrophic  versus  phagotrophic
activities.  There is great variation across  the
constitutive  mixotrophs (CM  group) in this  regard,
and  also in growth rate potential.  For example, it
has  been shown  that when conditions  are optimal
for  mixotrophy  (i.e., sufﬁcient light and  prey are
available),  some  dinoﬂagellates  have a higher
growth  rate compared  to their growth when  func-
tioning  as  phototrophs  (low  or  no prey available)
or  phagotrophs  (under  light  limitation)  (Jeong et al.
2010). The conditions speciﬁed by Jones  (1997)
and  Stoecker  (1998)  could,  therefore, be viewed  as
a  secondary  level of  classiﬁcation  to that  we now
propose,  describing  placement  of mixotrophs upon
sliding  scales  of phototrophy  versus phagotrophy,
depending  on their physiological  capabilities and
resource  availabilities.
We can thus  envision  a  series of functional group
descriptions  ranging  from the  potential to engage
mixotrophy  (our proposal), to  expression of mixotro-
phy  according  to physiological stressors  (cf. Jones
1997;  Stoecker 1998), to  utilizing  carbon dioxide
or  particulate  food  (bacteria/  detritus, algae, het-
erotrophic  protists and  animals)  as a source  of
carbon  (Pratt  and Cairns 1985). The ﬁrst division,
however,  must be between protist groups that  are
non-phagotrophic  phototrophs,  phagotrophs  with
no phototrophic  capacity,  or mixotrophs with some
combination  of the two (i.e., between  the CM,
GNCM  and  SNCM groups).
Ecological Implications – a
Demonstration
The  purpose  in  grouping  organisms according to
functionality  is to aid our understanding  of  ecology.
Arguably,  the  most  fundamental  ecological division
is  between primary producers  and  their consumers.
Interactions  between these  two groups  and higher
trophic  levels form cornerstone  components in eco-
logical  research and  modelling  (e.g., Cohen et al.
1993). The mixotrophic  protists combine facets  of
both  primary producer  and consumer in one  organ-
ism.  The  ability  to express these facets  allows, and
may  actually require,  us to divide them into  CM,
GNCM  and SNCM functional  groups  (Figs 2  and  3).
Each  of  these groups  display different  interactions
and  dynamics  with other  plankton.  As an example,
we  show here  the  contrasting  behaviour of a  sim-
ple  trophic  food web, in which  a particular protist is
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Figure  4.  Three  contrasting  simple  food-web  struc-
tures. Scenario  A  portrays  the  classic  paradigm  where
phytoplankton  and  microzooplankton  are  the  two  pro-
tist plankton  functional  types.  Within  Scenarios  B  and
C, the  microzooplankton  functional  type  is  replaced
by the  non-constitutive  mixotrophs  (NCMs)  and  con-
stitutive mixotrophs  (CMs)  respectively.  The  release
and uptake  of  dissolved  inorganic  matter  (DIM,  ammo-
nium, phosphate  etc.)  is  indicated.
operating as a  strict  phagotroph (“microzooplank-
ton”),  as a GNCM,  or  as a CM.
Method – the foodweb  model  framework. To
demonstrate  the potential  impact of the different
protist  functional groups  on trophic  dynamics,  we
compare  the outputs  from three contrasting  in
silico  plankton  foodweb structures  operating  in a
mesotrophic  setting:
(i) Scenario  A:  traditional  foodweb  structure
(Fig.  4A). This  framework includes photo-
autotrophic  (non-phagotrophic)  protist
phytoplankton  as primary producers, the
phago-heterotrophic  microzooplankton (Z)
which  graze  on  these  phytoplankton and
bacteria  as decomposers.
(ii)  Scenario  B: an  alternative  food web frame-
work  incorporating GNCMs  (Fig. 4B).  This
food  web structure includes the same com-
ponents  as Scenario A, except that the
Z  are  replaced  with GNCMs.  The GNCMs
demonstrate  acquired  phototrophy  through
sequestration  of the  photosynthetic  apparatus
from  the phytoplankton  prey.
(iii)  Scenario  C: the third  food web framework
incorporates  CMs (Fig.  4C). Again, the  food
web  structure includes the same components
as  Scenario  A, except that the  Z  are replaced
with  CMs.  The  CMs  photosynthesize using
their  constitutive  chloroplasts  and attain addi-
tional  nutrition (C,N,P) through  the ingestion of
the  phytoplankton  prey.
The  food web model  structure  for the three sce-
narios  was adapted  from Flynn  and Mitra (2009).
In  brief, this consists of a mixed  layer depth  of
25  m,  inorganic  N of 5  M, and  inorganic P of
0.625  M, with an  effective cross mixing-layer dilu-
tion  rate  of 0.05 d-1. The  model includes  variable
stoichiometric  (C:N:P) acclimative  descriptions of
the  plankton.  When  we ﬁrst explored  modelling the
ecophysiology  of mixotrophic  protists, we found that
we  had  to split  the potential for mixotrophy into
groupings  of what we now term here  as  CMs and
NCMs.  The  “perfect beast”  model  of Flynn and
Mitra  (2009)  contained  switch functions that could
conﬁgure  between these  types,  together with accli-
mation  descriptions to enable  them to represent all
the  functional  groups  described  by Jones  (1997)
and Stoecker (1998). This  model  is used here. For
further  details of the description of  the model conﬁg-
urations,  please  see  the Supplementary  Material.
Results from in silico experiments. The tem-
poral  and spatial development  of biomass of the
different  functional  groups  within  the simulated
communities  are  very  different  under  the  three sce-
narios  (Fig. 5A-C); additional  plots are presented
in  Supplementary  Material  Figures S1-S3.  In sce-
nario  A, the dynamics  follow  those  expected from
a  typical  predator-prey  system. However, in  both
scenarios  B  and  C, the mixotroph  functional groups
outcompete  the phototrophic  phytoplankton (here-
after,  phytoplankton).  Indeed,  in scenario C, the
CMs  ultimately  become  the dominant functional
group  (akin to a bloom  situation). In scenario B,
in  contrast,  the GNCMs  could only attain a  limited
productivity  due to their dependency upon the
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Figure  5.  Temporal  pattern  of  the  development  of
the biomass  in  the  simulated  communities  under
the three  scenarios.  Also  shown  are  the  cumulative
primary  productivities  by  phytoplankton  (phyto)  and
mixotroph (mixo)  over  the  30-day  simulation  period
under the  three  alternative  scenarios.  No  mixotrophs
are present  in  Scenario  A.  See  also  Figure  4.
phytoplankton  for  the  supply of plastids to allow
photosynthesis.
The  implementation  of a GNCM  versus  a CM
mixotroph  thus  generates  an  interesting  dynamic
to  their phototrophic  ecology. The  GNCMs  can
never  dominate  the system. Due to their depend-
ency  on prey to acquire  phototrophic  capabilities
(Figs  2 and  3D), GNCM  blooms  would always ter-
minate  through  exhaustion  of prey  (Supplementary
Material  Fig.  S2).  CMs, however, through a com-
bination  of  phagotrophy  and phototrophy  have the
advantage  and the capability  to dominate a sys-
tem,  ultimately  forming successful  blooms. Indeed,
harmful  algal bloom species  are  typically CMs
(Burkholder et al. 2008). In essence, CMs act as
intraguild  predators, both feeding  on and competing
with  their prey; thus  in contrast to  specialist preda-
tors  (i.e., NCMs) dependent  on speciﬁc prey items,
CMs  can suppress  their  prey  much  more strongly
(Wilken et al. 2014b). For  CMs  and for  phytoplank-
ton,  self-shading  resulting  in light  limitation may
become  of consequence  for  primary productivity;
for  the ﬁnal days  of production  in a  GNCM  system,
this  light limitation  is of lesser importance  as the  pig-
ment  content of the water column degrades rapidly
during  the  ﬁnal stages  of the  bloom  (see Flynn and
Hansen  2013).
Comparison of the  cumulative  primary produc-
tivity,  by phytoplankton and  the mixotrophs (phyto
and  mixo, respectively, bottom  panel  in Fig. 5)  over
the  30-day  simulation  period  under the three alter-
native  scenarios,  showed  a substantially higher
amount  of primary production  when  CMs were
implemented  (Fig. 5; C-ﬁx in  Supplementary Mate-
rial Figs  S1-S3). Production  of dissolved  organics
originating  directly from primary  production was
similarly  enhanced  for CMs  (Supplementary  Mate-
rial  Fig. S3; cf. Figs S1 and S2). The regeneration
of  dissolved  inorganics,  typically  associated with
predatory  activities, was enhanced  where GNCMs
were  implemented  (scenario  B; Supplementary
Material  Fig. S2; cf. Figs  S1  and S3).
As yet we know little detail  about the mechanisms
used  by mixotrophs to modulate their photoauto- vs
phagohetero-  trophic capabilities.  Different species
may  occupy different regions  of the continuum from
a  phototrophic  extreme to  a  phagotrophic extreme,
while  the ecophysiology  of others  will be predom-
inantly  photoauto-  or predominantly  phagohetero-
trophic.  The  critical issue, then,  is whether the pro-
tists are  dependent upon other organisms (i.e.,
NCMs,  Fig.  3D-F) for the acquisition  and continua-
tion  of their  mixotrophic  potential,  or if they possess
the  full genetic  and/or  physiological  capacity to
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undertake both  modes  of nutrition all of the time
(i.e.,  CMs, Figs  2 and 3C).
Discussion
A  major  reason for dividing the protists  into the
proposed  functional  groups  (Figs  2 and 3) is
the  recognition  of the differences  in the con-
sequential  population  dynamics  and role of the
groups  in  ecosystems  (Figs  4 and 5). The  roles
of  the  non-phagotrophic  and  non-phototropic  forms
(representative  of traditional  “phytoplankton”  and
“microzooplankton”)  are established.  A role of CMs
is  largely  acknowledged  in the literature,  although
discussions  are  dominated by alternate  energy
supply  options, while we suggest  the roles  of photo-
and  phago- trophy  are more likely  linked  to syn-
ergy  in energy  and  nutrient supply routes  (see  also
Wilken et al.  2014a,  b).  The CMs  have  nonethe-
less  drawn only  limited  attention  of modellers.  The
scope  for a  revision  of the ecological  role  of CMs
is  illustrated  by their  suggested  relationship  with
bacteria,  wherein especially  nano-sized CMs  pro-
mote  bacterial growth  by release of DOM, and
thereby  gain nutrients  they would otherwise  be
unable  to acquire  (Mitra et al.  2014a).  The GNCM
group  is expected  to have quite different  population
dynamics  from other mixotrophs, being  dependent
(within  a generation  time)  on a repeated  inges-
tion  of phototrophic  prey for chloroplasts. Flynn
and  Hansen  (2013) indicate  some  differences in
these  dynamics,  but there likely is much more  to
explore,  related  to the effects  of mixotrophy on
assimilation  efﬁciency and of photon dose on  the
longevity  of  acquired plastids.  The SNCMs at ﬁrst
sight  may  be considered similar to CMs, but there
are  sharp contrasts  in the  nature of the  host (cil-
iate,  Foraminifera  etc.) in comparison  with that of
CMs  (phytoﬂagellates,  dinoﬂagellates  etc.)  and  of
the  main  prey  types. While the need for donors  of
phototrophy  (as  plastids or as endosymbionts)  is
less  frequent for SNCMs than for  GNCMs, the spe-
cialism  in that need  places  an additional dynamic
in  their  relationship  with other  planktonic  members
of  the ecosystem.
The  ecology of CMs  is in some  ways rela-
tively  simple, as they do not  need  to acquire  their
mixotrophic  potential  (for phototrophy) from another
organism.  Nevertheless, there  are  sound  reasons
to  sub-divide  CMs  into those that consume  bacteria
(Hartmann  et al. 2012; Unrein et al. 2014;  Zubkov
and  Tarran  2008) versus  those  capable  of (also)
consuming  non-bacterial  prey (Burkholder et al.
2008;  Stoecker  et al. 2006). This  is especially  true
if the  latter are  competitors  in terms  of phototro-
phy,  or even  potential predators of the mixotrophs
(Thingstad  et  al. 1996). The  simulations  run here
(Fig.  5) were  conﬁgured  for a  mesotrophic sys-
tem  where  phagotrophy  by Z, GNCMs and CMs
predominantly  involves ingestion of phytoplankton
prey.  Within the  three  scenarios (Figs 4 and 5), it
was  assumed  that the predators  consumed only
phytoplankton.  The  range of size of  the  protist phy-
toplankton  group  in  these systems could vary by
orders  of magnitude  (e.g., nano-  to micro- sized).
Likewise,  their protist grazers could occupy  a large
size  spectrum. For example,  the size spectrum for
the  prey  for GNCMs  (15-60 m ESD)  can vary
between  1-40  m ESD  (McManus  et al. 2012;
Stoecker  et al.  1987). Divisions  between  those
capable  of consuming  different  prey sizes may be
achieved  via allometric  considerations.  However,
there  are  plenty of examples  of  mixotrophs  feed-
ing  on prey  larger  than themselves  and, also,  of
larger  species feeding  on bacteria  or picocyanobac-
teria  (Glibert  et  al. 2009; Granéli  et al.  2012; Jeong
2011;  Jeong et al. 2005,  2012;  Lee et al. 2014;
Seong  et al.  2006). Accordingly,  functional group
divisions  that either partition  protists  solely accord-
ing  to predator-prey allometrics  (e.g., Sieburth et al.
1978), or have  a sliding scale for  photoauto- ver-
sus  phagohetero-  trophy (e.g., Jones 1997), appear
insufﬁciently  robust  from  an ecological  perspective.
Below  we  consider  each group in more detail.
CM group.  In  the  photic zone plankton, CMs
(Fig.  3C) often  dominate  eukaryotic microbial
biomass  (cf. Supplementary  Material Fig. S3), both
in  eutrophic  and oligotrophic  systems  across all cli-
mate  zones (Burkholder  et  al. 2008; Hartmann et al.
2012;  Havskum  and Riemann  1996; Li et al. 2000a,
b;  Sanders  and Gast  2012;  Stoecker et  al. 2006;
Unrein  et al. 2007, 2014). Mixotrophic phytoﬂag-
ellates  have accounted  for  50% of the pigmented
biomass  during  non-bloom  conditions  off Den-
mark  (Havskum  and  Riemann  1996). Constitutive
mixotrophy  has been  identiﬁed as  a major mode
of  nutrition  for harmful phytoﬂagellate  species in
eutrophic  coastal waters  (Burkholder  et al. 2008;
Jeong  et al. 2010; Stoecker et al. 2006)  and CMs
can  account  for  signiﬁcant and occasionally dom-
inant  predation  pressure  on bacteria  (Hartmann
et  al. 2012;  Sanders  et al. 1989; Unrein  et al.
2014;  Zubkov  and Tarran  2008). For  example,
it  has been  shown that mixotrophy  plays a  vital
role  in the trophic dynamics  of the oligotrophic
gyres  (Hartmann  et al. 2012;  Zubkov and  Tarran
2008). Modelling  this ecosystem  using the tradi-
tional  paradigm  (Scenario A, Fig. 4) would  fail to
portray  the correct  dynamics  and,  thus, would be
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misleading.  Most of the phytoplankton  in these
systems  are bacterivores, and without  mixotrophy
(photoautotrophy  plus bacterivory), primary pro-
duction  would be much lower due to N  and P
starvation.
The  differences  between CMs  and NCMs  are
clear  and unambiguous. While each group  includes
examples  of the sliding  scale and  allometrics, we
justify  the split based  on the deﬁnition of the
source  of the phototrophic  potential (innate  versus
acquired),  because this has  profound impacts  for
the  ecophysiology  of the organisms.
GNCM vs SNCM groups. Up to about one-
third  of photic  zone ciliate  microzooplankton  are
GNCMs  (Calbet et al. 2012;  Dolan and Pérez  2000;
McManus  et al.  2004; Pitta et al. 2001; Fig. 3D).
In  summer  stratiﬁed  surface  waters, more than
50%  of ciliates have on occasion  been found to be
mixotrophic  (Calbet et al. 2012; Putt 1990; Stoecker
et  al. 1987). The  contribution of  these  GNCMs  to
“phytoplankton”  biomass  (as  chlorophyll) can thus
be  substantial  (Stoecker et al.  2013; see  also  Fig.  5
and Supplementary Material Fig.  S2). They  can
comprise  a  signiﬁcant  proportion  of all  zooplank-
ton,  and  their ecology  is not  only linked  to their
mixotrophic  capabilities,  but also limited  by their
need  to consume phototrophic prey  in order to
acquire  chloroplasts.
The SNCMs  (Fig.  3D-F),  requiring speciﬁc prey,
present  a different ecological  dynamic  in compari-
son  with the CMs  and GNCMs. They do not need
to  interact  with  speciﬁc prey often, but when  they
need  to do so,  they must consume one of only  a
few  prey options  in order to acquire phototrophy.
That  restriction  has important  implications  for the
SNCMs  and for their  speciﬁc  prey. In blooms, the
cosmopolitan  SNCMs Mesodinium  rubrum and M.
major  can account for  approaching 100%  of plank-
ton  biomass  (Crawford et al. 1997;  Garcia-Cuetos
et  al. 2012; Herfort et al. 2012; Montagnes  et al.
1999;  Packard et al. 1978). This  is possible  as the
need  for plastids by the red Mesodinium  species is
occasional  (Johnson and Stoecker 2005; Johnson
et  al. 2006),  and acquired  cryptophyte plastids  can
even  replicate  within  the ciliate  (Hansen  et al. 2012;
Johnson  et al. 2007).
The Foraminifera and Radiolaria  (Acantharia and
Polycystinea)  eSNCMs  (Fig. 3F) contribute  signiﬁ-
cantly  to primary production and  trophic  dynamics
in  oligotrophic oceanic  gyres, and thus play a vital
role  in marine biogeochemistry  (Caron et al. 1995;
Decelle  et al. 2013; Dennett  et al. 2002;  Gast  and
Caron  2001; Michaels  et al. 1995;  Stoecker  et al.
2009;  Swanberg  1983). These eSNCMs, the dom-
inant  large planktonic  predators  in the subtropical
gyres, probably  could not survive and grow in this
nutritionally  dilute  environment  without the C sup-
plement  from their symbionts  (Caron et al. 1995),
suggesting  a major role  of mixotrophy  in shaping
the  trophic structure  of subtropical gyre ecosys-
tems.
Conclusion
Functional  group descriptors  are  speciﬁcally
intended  to aid  our  understanding  of ecology (Gitay
and  Noble 1997; Smith  et al. 1997). Arguably the
ultimate  test  of that understanding  comes from an
ability  to construct  and use mathematical  models
which  display behaviours  that align  with expecta-
tions  gained  from empirical  knowledge.
Based on  experimental and  modelling studies,
we  now realise  that mixotrophy  in  protists can  be
a  synergistic  process and does not  just provide a
“top-up”  or “survival”  mechanism  (Adolf et al. 2006;
Mitra  and Flynn 2010;  Mitra et al.  2014a; Våge
et  al. 2013). The  nature  of  that synergism between
photo-  and  hetero-  trophy  is ultimately modulated
by  whether  the phototrophic  capacity is constitu-
tive  (innate)  or acquired.  Accordingly, we propose
that  the functional  group  descriptors for plank-
tonic  protists should  align with the innate capacity,
or  otherwise, for  phototrophy  and/or  phagotrophy
(Fig.  2). A  division  on these  grounds  makes sense
for  modelling,  both from evolutionary and ecolog-
ical  perspectives,  in that these groups are clear
and  unambiguous.  Such  traits  are important fea-
tures  in  functional  group  deﬁnitions.  Within  this
division,  the  groups  described  by Jones (1997) and
Stoecker  (1998) form important  secondary func-
tional  group  descriptions,  while those  by Pratt and
Cairns  (1985) form  a tertiary level of description for
both  mixotrophic  and heterotrophic  protists.
Over  the  past  decade  there  has been a drive to
modify  biogeochemical  and  aquatic food web mod-
els  through  incorporation  of the functional group
approach.  Within these models,  plankton functional
types  are increasingly  deployed  to aid descriptions
of  processes  from biogeochemistry  to ﬁsheries
(e.g.,  end-to-end  models;  Rose  et al. 2010). The
primary  focus  has been  on splitting the “phyto-
plankton”  into several groups – for example, into
“diatoms”  requiring Si, “calciﬁers” requiring calcium,
etc.  – with each group  having  its own state  vari-
ables  (e.g., Baretta et al. 1995). Far  less emphasis
has  been  placed on expanding  the “zooplankton”
component  (see  Mitra et al. 2014b  and  references
therein),  while  “mixotrophic” groups  are typically
ignored  altogether.  Modellers  typically start with
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an attempt  to simplify  the system sufﬁciently  to
enable  or assist  computation and analysis. That
simpliﬁcation  process must  not be so great  that
the  critical  linkage  to reality is lost.  Given our
renewed  appreciation  of mixotrophy (Flynn  et al.
2013  and references  therein), we suggest  that a
complete  overhaul of the  core  structure  of biogeo-
chemical  and plankton  food web models  may be
warranted,  in order to provide a  more accurate  eco-
logical  perspective  on  ecosystems  functioning  that
acknowledges  the existence of mixotrophs.
Acknowledgements
This work was  funded by grants to KJF and  AM
from  the Leverhulme Trust (International  Network
Grant  F00391 V) and NERC  (UK) through  its iMAR-
NET  programme  NE/K001345/1. The  University of
Dundee  is a registered Scottish  charity, number
SC015096.  AM would like to thank Rohan Mitra-
Flynn  for his  patience  and co-operation.
References
Adolf  J,  Stoecker  D,  Harding  L  Jr  (2006)  The  balance  of
autotrophy  and  heterotrophy  during  mixotrophic  growth  of  Kar-
lodinium  micrum  (Dinophyceae).  J  Plankton  Res  28:737–751
Aiken  AC,  DeCarlo  PF,  Jimenez  JL  (2007)  Elemental  analysis
of organic  species  with  electron  ionization  high-resolution  mass
spectrometry.  Anal  Chem  79:8350–8358
Azam  F,  Fenchel  T,  Field  JG,  Gray  JS,  Meyer-Reil  LA,
Thingstad  F  (1983)  The  ecological  role  of  water-column
microbes  in  the  sea.  Mar  Ecol  Prog  Ser  10:257–263
Baretta  JW,  Ebenhöh  W,  Ruardij  R  (1995)  The  European
regional  seas  ecosystem  model,  a  complex  marine  ecosystem
model.  Neth.  J  Sea  Res  33:233–246
Berninger  U-G,  Finlay  BJ,  Canter  HM  (1986)  The  spatial
distribution  and  ecology  of  zoochlorellae-bearing  ciliates  in  a
productive  pond.  J  Protozool  33:557–563
Blackbourn  DJ,  Taylor  F,  Blackborn  J  (1973)  Foreign
organelle  retention  by  ciliates.  J  Protozool  20:286–288
Burkholder  JM,  Glibert  PM,  Skelton  HM  (2008)  Mixotrophy,
a major  mode  of  nutrition  for  harmful  algal  species  in  eutrophic
waters.  Harmful  Algae  8:77–93
Calbet  A,  Martínez  RA,  Isari  S,  Zervoudaki  S,  Nejstgaard
JC, Pitta  P,  Sazhin  AE,  Sousoni  S,  Gomes  A,  Berger  SA,
Tsagaraki  TM,  Ptacnik  R  (2012)  Effects  of  light  availability
on mixotrophy  and  microzooplankton  grazing  in  an  oligotrophic
plankton  food  web:  evidences  from  a  mesocosm  study  in  East-
ern Mediterranean  waters.  J  Exp  Mar  Biol  Ecol  424–425:66–77
Caron  DA,  Michaels  AF,  Swanberg  NR,  Howse  FA  (1995)
Primary productivity  by  symbiont-bearing  planktonic  sarcodines
(Acantharia,  Radiolaria,  Foraminifera)  in  surface  waters  near
Bermuda.  J  Plankton  Res  17:103–129
Cohen  JE,  Pimm  SL,  Yodzis  P,  Saldan˜a  J  (1993)  Body  sizes
of animal  predators  and  animal  prey  in  food  webs.  J  Animal  Ecol
62:67–78
Crawford  DW,  Purdie  DA,  Lockwood  APM,  Weissman  P
(1997) Recurrent  red-tides  in  the  Southampton  Water  estuary
caused  by  the  phototrophic  ciliate  Mesodinium  rubrum.  Estuar
Coast  Shelf  Sci  45:799–812
Decelle  J,  Martin  P,  Paborstava  K,  Pond  DW,  Tarling  G,  Mahe
F, de  Vargas  C,  Lampitt  R,  Not  F  (2013)  Diversity,  ecology  and
biogeochemistry  of  cyst-forming  Acantharia  (Radiolaria)  in  the
oceans.  PLOS  One  8:e53598
Decelle  J,  Probert  I,  Bittner  L,  Desdevises  Y,  Colin  S,  de
Vargas  C,  Gali  M,  Simó  R,  Not  F  (2012)  An  original  mode  of
symbiosis  in  open  ocean  plankton.  Proc  Natl  Acad  Sci  USA
109:18000–18005
Delwiche  CF  (1999)  Tracing  the  thread  of  plastid  diversity
through  the  tapestry  of  life.  Am  Natl  154:S164–S177
Dennett  MR,  Caron  DA,  Michaels  AF,  Gallager  SM,  Davis
CS (2002)  Video  plankton  recorder  reveals  high  abundances  of
colonial  Radiolaria  in  surface  waters  of  the  central  North  Paciﬁc.
J  Plankton  Res  24:797–805
Dolan  J  (1992)  Mixotrophy  in  ciliates:  A  review  of  Chlorella
symbiosis  and  chloroplast  retention.  Mar  Microb  Food  Webs
6:115–132
Dolan  JR,  Pérez  MT  (2000)  Costs,  beneﬁts  and  characteris-
tics of  mixotrophy  in  marine  oligotrichs.  Freshwater  Biol  45:
227–238
Fasham  MJR,  Ducklow  HW,  McKelvie  SM  (1990)  A  nitrogen-
based model  of  plankton  dynamics  in  the  oceanic  mixed  layer.
J  Mar  Res  48:591–639
Flynn  KJ,  Berry  LS  (1999)  The  loss  of  organic  nitrogen  during
marine  primary  production  may  be  overestimated  signiﬁcantly
when  estimated  using 15N  substrates.  Proc  Roy  Soc  Lond  B
266:641–647
Flynn  KJ,  Hansen  PJ  (2013)  Cutting  the  canopy  to  defeat  the
“selﬁsh gene”;  conﬂicting  selection  pressures  for  the  integration
of phototrophy  in  mixotrophic  protists.  Protist  164:811–823
Flynn  KJ,  Mitra  A  (2009)  Building  the  “perfect  beast”:  modelling
mixotrophic  plankton.  J  Plankton  Res  31:965–992
Flynn  KJ,  Stoecker  DK,  Mitra  A,  Raven  JA,  Glibert  PM,
Hansen  PJ,  Granéli  E,  Burkholder  JM  (2013)  Misuse  of
the phytoplankton-zooplankton  dichotomy:  the  need  to  assign
organisms  as  mixotrophs  within  plankton  functional  types.  J
Plankton  Res  35:3–11
Garcia-Cuetos  L,  Moestrup  Ø,  Hansen  PJ  (2012)  Studies  on
the genus  Mesodinium  II.  Ultrastructural  and  molecular  inves-
tigations  of  ﬁve  marine  species  help  clarifying  the  taxonomy.  J
Eukaryot  Microbiol  59:374–400
Gast  RJ,  Caron  DA  (2001)  Photosymbiotic  associations  in
planktonic  foraminifera  and  radiolarian.  Hydrobiologia  461:1–7
Gast  RJ,  Moran  DM,  Dennett  MR,  Caron  DA  (2007)  Klep-
toplasty in  an  Antarctic  dinoﬂagellate:  Caught  in  evolutionary
transition?  Environ  Microbiol  9:39–45
Gitay  H,  Noble  IR  (1997)  What  are  Functional  Types  and  how
should  we  Seek  them?  In  Smith  TM,  Shugart  HH,  Woodward
FI (eds)  Plant  Functional  Types.  Their  Relevance  to  Ecosystem
118  A.  Mitra  et  al.
Properties  and  Global  Change.  Cambridge  University  Press,
Cambridge,  pp  3–19
Glibert  PM,  Burkholder  JM,  Kana  TM,  Alexander  J,  Skelton
H, Shilling  C  (2009)  Grazing  by  Karenia  brevis  on  Synechococ-
cus enhances  its  growth  rate  and  may  help  to  sustain  booms.
Aquat  Microb  Ecol  55:17–30
Granéli  E,  Edvardsen  B,  Roelke  DL,  Johannes  A,  Hagström
JA (2012)  The  ecophysiology  and  bloom  dynamics  of  Prymne-
sium spp.  Harmful  Algae  14:260–270
Hansen  PJ,  Moldrup  M,  Tarangkoon  W,  Garcia-Cuetos  L,
Moestrup  Ø  (2012)  Direct  evidence  for  symbiont  sequestration
in the  marine  red  tide  ciliate  Mesodinium  rubrum.  Aquat  Microb
Ecol 66:63–75
Hartmann  M,  Grub  C,  Tarran  GA,  Martin  AP,  Burkill
PH, Scanlan  DJ,  Zubkov  MV  (2012)  Mixotrophic  basis  of
Atlantic  oligotrophic  ecosystem.  Proc  Natl  Acad  Sci  USA
109:5756–5760
Havskum  H,  Riemann  B  (1996)  Ecological  importance  of  bac-
terivorous,  pigmented  ﬂagellates  (mixotrophs)  in  the  Bay  of
Aarhus,  Denmark.  Mar  Ecol  Prog  Ser  137:251–263
Herfort  L,  Peterson  TD,  Prahl  FG,  McCue  LA,  Needoba  JA,
Crump BC,  Roegner  GC,  Campbell  V,  Zuber  P  (2012)  Red
waters  of  Myrionecta  rubra  are  biogeochemical  hotspots  for  the
Columbia  River  estuary  with  impacts  on  primary/secondary  pro-
ductions  and  nutrient  cycles.  Estuaries  and  Coasts  35:878–891
Jeong  HJ  (2011)  Mixotrophy  in  red-tide  algae  raphidophytes.
J  Eukaryot  Microbiol  58:215–222
Jeong  HJ,  Yoo  YD,  Kim  JS,  Seong  AS,  Kang  NS,  Kim  TH
(2010)  Growth,  feeding  and  ecological  roles  of  the  mixotrophic
and heterotrophic  dinoﬂagellates  in  marine  planktonic  food
webs.  Ocean  Sci  J  45:65–91
Jeong  HJ,  Park  JY,  Nho  JH,  Park  MO,  Ha  JH,  Seong  KA,
Chang J,  Seong  CN,  Lee  KY,  Yih  WH  (2005)  Feeding  by  the
red-tide  dinoﬂagellates  on  the  cyanobacterium  Synechococ-
cus. Aquat  Microb  Ecol  41:131–143
Jeong  HJ,  Yoo  YD,  Kang  NS,  Lim  AS,  Seong  KA,  Lee  SY,
Lee MJ,  Lee  KH,  Kim  HS,  Shin  W,  Nam  SW,  Yih  W,  Lee  K
(2012)  Heterotrophic  feeding  as  a  newly  identiﬁed  survival  strat-
egy of  the  dinoﬂagellate  Symbiodinium.  Proc  Natl  Acad  Sci  USA
109:12604–12609
Johnson  MD  (2011a)  Acquired  phototrophy  in  ciliates:  a  review
of cellular  interactions  and  structural  adaptations.  J  Eukaryot
Microbiol  58:185–195
Johnson  MD  (2011b)  The  acquisition  of  phototrophy:  adaptive
strategies  of  hosting  endosymbionts  and  organelles.  Photosyn-
thesis Res  107:117–132
Johnson  MD,  Stoecker  DK  (2005)  Role  of  feeding  in  growth
and photophysiology  of  Myrionecta  rubra.  Aquat  Microb  Ecol
39:303–312
Johnson  MD,  Oldach  D,  Delwiche  CF,  Stoecker  D  (2006)
Sequestration,  performance,  and  functional  control  of  crypto-
phyte  plastids  in  the  ciliate  Myrionecta  rubra  (Ciliophora).  J
Phycol 42:1235–1246
Johnson  MD,  Oldach  D,  Delwiche  CF,  Stoecker  DK  (2007)
Retention  of  transcriptionally  active  cryptophyte  nuclei  by  the
ciliate Myrionecta  rubra.  Nature  445:426–428
Jones  H  (1997)  A  classiﬁcation  of  mixotrophic  protists  based
on their  behaviour.  Freshwater  Biol  37:35–43
Jonsson  PR  (1987)  Photosynthetic  assimilation  of  inorganic
carbon  in  marine  oligotrich  ciliates  (Ciliophora,  Oligotrichina).
Mar  Microb  Food  Webs  2:55–68
Kruk  C,  Huszar  VLM,  Peeters  ETHM,  Bonilla  S,  Costa  L,
Lürling  M,  Reynolds  CS,  Scheffer  M  (2010)  A  morphologi-
cal classiﬁcation  capturing  functional  variation  in  phytoplankton.
Freshwater  Biol  55:614–627
Langer  MR  (2008)  Assessing  the  contribution  of  foraminiferan
protists  to  global  ocean  carbonate  production.  J  Eukaryot  Micro-
biol 55:163–169
Laval-Peuto  M,  Febvre  M  (1986)  On  plastid  symbiosis  in  Tonto-
nia appendiculariformis  (Ciliophora,  Oligotrichina).  Biosystems
19:137–158
Laval-Peuto  M,  Rassoulzadegan  F  (1988)  Auto  ﬂuorescence
of marine  planktonic  Oligotrichina  and  other  ciliates.  Hydrobi-
ologia 159:99–110
Laval-Peuto  M,  Salvano  P,  Gayol  P,  Greuet  C  (1986)  Mixotro-
phy in  marine  planktonic  ciliates:  ultrastructural  study  of
Tontonia  appendiculariformis  (Ciliophora,  Oligotrichina).  Mar
Microb Food  Webs  1:81–104
Lee  KH,  Jeong  HJ,  Jang  TY,  Lim  AS,  Kang  NS,  Kim  JH,
Kim KY,  Park  K-T,  Lee  K  (2014)  Feeding  by  the  newly
described  mixotrophic  dinoﬂagellate  Gymnodinium  smaydae:
feeding  mechanism,  prey  species,  and  effect  of  prey  concen-
tration.  J  Exp  Mar  Biol  Ecol  459:114–125
Li  A,  Stoecker  DK,  Coats  DW  (2000a)  Spatial  and  tempo-
ral aspects  of  Gyrodinium  galatheanum  in  Chesapeake  Bay:
distribution  and  mixotrophy.  J  Plankton  Res  22:2105–2124
Li  A,  Stoecker  DK,  Coats  DW  (2000b)  Mixotrophy  in  Gyro-
dinium galatheanum  (Dinophyceae):  grazing  responses  to  light
intensity  and  inorganic  nutrients.  J  Phycol  36:33–45
Lohmann  H  (1911)  Über  das  Nannoplankton  und  die  Zen-
trifugierung  kleinster  Wasserproben  zur  Gewinnung  desselben
in lebendem  Zustand.  Int  Rev  Ges  Hydrobiol  Hydrogr  4:
1–38
McManus  GB,  Zhang  H,  Lin  S  (2004)  Marine  planktonic  cil-
iates that  prey  on  macroalgae  and  enslave  their  chloroplasts.
Limnol  Oceanogr  49:308–313
McManus  GB,  Schoener  DM,  Haberlandt  K  (2012)  Chloro-
plast symbiosis  in  a  marine  ciliate:  ecophysiology  and  the  risks
and rewards  of  hosting  foreign  organelles.  Frontiers  in  Microbiol
3:321
Michaels  AF,  Caron  DA,  Swanberg  NR,  Howse  FA,  Michaels
CM (1995)  Planktonic  sarcodines  (Acantharia,  Radiolaria,
Foraminifera)  in  surface  waters  near  Bermuda:  abundance,
biomass  and  vertical  ﬂux.  J  Plankton  Res  17:131–163
Mitra  A,  Flynn  KJ  (2010)  Modelling  mixotrophy  in  harmful
algal  blooms:  More  or  less  the  sum  of  the  parts?  J  Mar  Syst
83:158–169
Mitra A,  Flynn  KJ,  Burkholder  JM,  Berge  T,  Calbet  A,
Raven JA,  Granéli  E,  Glibert  PM,  Hansen  PJ,  Stoecker  DK,
Thingstad  F,  Tillmann  U,  Våge  S,  Wilken  S,  Zubkov  MV
(2014a)  The  role  of  mixotrophic  protists  in  the  biological  carbon
pump.  Biogeosciences  11:995–1005
Deﬁning  Planktonic  Protist  Functional  Groups  119
Mitra  A,  Castellani  C,  Gentleman  W,  Jónasdóttir  SH,  Flynn
KJ, Bode  A,  Halsband  C,  Kuhn  P,  Licandro  P,  Agersted  MD,
Calbet  A,  Lindeque  P,  Koppelmann  R,  Møller  EF,  Gislason
A, Nielsen  TG,  St.  John  M  (2014b)  Bridging  the  gap  between
marine  biogeochemical  and  ﬁsheries  sciences;  conﬁguring  the
zooplankton  link.  Prog  Oceanogr  129B:176–199
Montagnes  DJS,  Poulton  AJ,  Shammon  TM  (1999)
Mesoscale,  ﬁnescale  and  microscale  distribution  of  micro-  and
nanoplankton  in  the  Irish  Sea,  with  emphasis  on  ciliates  and
their prey.  Mar  Biol  134:167–179
Packard  TT,  Blasco  D,  Barber  RT  (1978)  Mesodinium  rubrum
in the  Baja  California  Upwelling  System.  In  Boje  R,  Tomczak  H
(eds)  Upwelling  Systems.  Springer  Verlag,  Berlin,  pp  73–89
Park  MG,  Kim  S,  Kim  HS,  Myung  G,  Kang  YG,  Yih  W  (2006)
First successful  culture  of  the  marine  dinoﬂagellate  Dinophysis
acuminata. Aquat  Microb  Ecol  45:101–106
Pitta  P,  Giannakourou  A  (2000)  Planktonic  ciliates  in  the  oligo-
trophic Eastern  Mediterranean:  vertical,  spatial  distribution  and
mixotrophy.  Mar  Ecol  Prog  Ser  194:269–282
Pitta  P,  Giannakourou  A,  Christaki  U  (2001)  Planktonic  cili-
ates in  the  oligotrophic  Mediterranean  Sea:  longitudinal  trends
of standing  stocks,  distributions  and  analysis  of  food  vacuole
contents.  Aquat  Microb  Ecol  24:297–311
Plagányi  EE  (2007)  Models  for  an  ecosystem  approach  to  ﬁsh-
eries. FAO  (Food  and  Agriculture  Organization  of  the  United
Nations)  Fisheries  Technical  Paper  477
Pratt  JR,  Cairns  J  Jr  (1985)  Functional  groups  in  the  protozoa:
roles in  differing  ecosystems.  J  Protozool  32:415–423
Putt  M  (1990)  Metabolism  of  photosynthate  in  the  chloroplast-
retaining  ciliate  Laboea  strobila.  Mar  Ecol  Prog  Ser  60:271–282
Raven  JA  (1997)  Phagotrophy  in  phototrophs.  Limnol
Oceanogr  42:198–205
Raven  JA,  Beardall  J,  Flynn  KJ,  Maberly  SC  (2009)  Phagotro-
phy in  the  origins  of  photosynthesis  in  eukaryotes  and  as  a
complementary  mode  of  nutrition  in  phototrophs:  relation  to
Darwin’s  insectivorous  plants.  J  Exp  Bot  60:3975–3987
Reynolds  CS,  Huszar  V,  Kruk  C,  Naselli-Flores  L,  Melo  S
(2002) Towards  a  functional  classiﬁcation  of  the  freshwater  phy-
toplankton.  J  Plankton  Res  24:417–428
Rose  KA,  Allen  JI,  Artioli  Y,  Barange  M,  Blackford  J,  Carlotti
F, Cropp  R,  Daewel  U,  Edwards  K,  Flynn  KJ,  Hill  SL,  Hille  Ris
Lambers  R,  Huse  G,  Mackinson  S,  Megrey  B,  Moll  A,  Rivkin
R, Salihoglu  B,  Schrum  C,  Shannon  L,  Shin  Y-J,  Smith  SL,
Smith  C,  Solidoro  C,  St.  John  M,  Zhou  M  (2010)  End-To-
End models  for  the  analysis  of  marine  ecosystems:  challenges,
issues,  and  next  steps.  Mar  Coast  Fish  Dynam  Manag  Ecosys
Sci 2:115–130
Saldarriaga  JF,  Taylor  FJR,  Keeling  PJ,  Cavalier-Smith
T (2001)  Dinoﬂagellate  nuclear  SSU  rRNA  phylogeny  sug-
gests multiple  plastid  losses  and  replacements.  J  Mol  Evol
53:204–213
Sanders  RW  (1991)  Mixotrophic  protists  in  marine  and  fresh-
water  ecosystems.  J  Protozool  38:76–81
Sanders  RW,  Gast  RJ  (2012)  Bacterivory  by  phototrophic
picoplankton  and  nanoplankton  in  Arctic  waters.  FEMS  Micro-
biol Ecol  82:242–253
Sanders  RW,  Porter  KG  (1988)  Phagotrophic  Phytoﬂagellates.
In  Marshall  KC  (ed)  Advances  in  Microbial  Ecology  10. Plenum
Press,  London,  pp  167–192
Sanders  RW,  Porter  KG,  Bennet  SJ,  DeBiase  AE  (1989)  Sea-
sonal patterns  of  bacterivory  by  ﬂagellates,  ciliates,  rotifers,
and cladocerans  in  a  freshwater  planktonic  community.  Limnol
Oceanogr  34:673–687
Schoener  DM,  McManus  GB  (2012)  Plastid  retention,  use,
and replacement  in  a  kleptoplastidic  ciliate.  Aquat  Microb  Ecol
67:177–187
Schütt  F  (1892)  Analytische  Plankton-Studien;  Ziele,  Meth-
oden  and  Anfangs-Resultate  der  quantitativ-analytischen
Planktonforschung.  Lipsius  and  Tischer,  Kiel,  117  p
Sellers  CG,  Gast  RJ,  Sanders  RW  (2014)  Selective  feeding
and foreign  plastid  retention  in  an  Antarctic  dinoﬂagellate.  J
Phycol 50:1081–1088
Seong  KA,  Jeong  HJ,  Kim  S,  Kim  GH,  Kang  JH  (2006)
Bacterivory  by  co-occurring  red-tide  algae,  heterotrophic
nanoﬂagellates,  and  ciliates  on  marine  bacteria  in  the  Korean
waters.  Mar  Ecol  Prog  Ser  322:85–97
Sieburth  JMcN,  Smetacek  V,  Lenz  J  (1978)  Pelagic  ecosys-
tem structure:  Heterotrophic  compartments  of  the  plankton  and
their relationship  to  plankton  size  fractions.  Limnol  Oceanogr
23:1256–1263
Smith  TM,  Shugart  HH,  Woodward  FI  (eds)  Plant  Functional
Types:  their  Relevance  to  Ecosystem  Properties  and  Global
Change 1.  Cambridge  University  Press,  Cambridge,  369p
Stoecker  DK  (1998)  Conceptual  models  of  mixotrophy  in
planktonic  protists  and  some  ecological  and  evolutionary  impli-
cations.  Eur  J  Protistol  34:281–290
Stoecker  DK,  Johnson  MD,  de  Vargas  C,  Not  F  (2009)
Acquired  phototrophy  in  aquatic  protists.  Aquat  Microb  Ecol
57:279–310
Stoecker  DK,  Michaels  AE,  Davis  LH  (1987)  Large  propor-
tion of  marine  planktonic  ciliates  found  to  contain  functional
chloroplasts.  Nature  326:790–792
Stoecker  DK,  Tillmann  U,  Granéli  E  (2006)  Chapter  14.
Phagotrophy  in  Harmful  Algae.  In  Granéli  E,  Turner  JT  (eds)
Ecology  of  Harmful  Algae.  Springer,  Berlin,  pp  177–187
Stoecker  DK,  Silver  MW,  Michaels  AE,  Davis  LH  (1988)
Obligate  mixotrophy  in  Laboea  strobila,  a  ciliate  which  retains
chloroplasts.  Mar  Biol  99:415–423
Stoecker  DK,  Silver  MW,  Michaels  AE,  Davis  LH  (1989)
Enslavement  of  algal  chloroplasts  by  4  Strombidium  spp.  (Cili-
ophora,  Oligotrichida).  Mar  Microb  Food  Webs  3:79–100
Stoecker  DK,  Weigel  AC,  Stockwell  DA,  Lomas  MW  (2013)
Microzooplankton:  Abundance,  biomass  and  contribution  to
chlorophyll  in  the  eastern  Bering  Sea  in  summer.  Deep  Sea
Res Part  II:  Top  Stud  Oceanogr  109:134–144
Swanberg  NR  (1983)  The  trophic  role  of  colonial  radiolar-
ian in  oligotrophic  oceanic  environments.  Limnol  Oceanogr
28:655–666
Thingstad  FT,  Havskum  H,  Garde  K,  Riemann  B  (1996)  On
the strategy  of  “eating  your  competitor”:  a  mathematical  analy-
sis of  algal  mixotrophy.  Ecology  77:2108–2118
120  A.  Mitra  et  al.
Tillmann  U  (1998)  Phagotrophy  by  a  plastidic  haptophyte,
Prymnesium  patelliferum.  Aquat  Microb  Ecol  14:155–160
Unrein  F,  Gasol  JM,  Not  F,  Forn  I,  Massana  R  (2014)
Mixotrophic  haptophytes  are  key  bacterial  grazers in  oligotro-
phic coastal  waters.  ISME  J  8:164–176
Unrein  F,  Massana  R,  Alonso-Sáez  L,  Gasol  JM  (2007)
Signiﬁcant  year-round  effect  of  small  mixotrophic  ﬂagellates
on bacterioplankton  in  an  oligotrophic  coastal  system.  Limnol
Oceanogr  52:456–469
Våge  S,  Castellani  M,  Giske  J,  Thingstad  TF  (2013)  Success-
ful strategies  in  size  structured  mixotrophic  food  webs.  Aquat
Ecol  47:329–347
Van  Doorn  WG,  Yoshimoto  K  (2010)  Role  of  chloroplasts  and
other plastids  in  ageing  and  death  of  plants  and  animals:  A  tale
of Vishnu  and  Shiva.  Ageing  Res  Rev  9:117–130
Weithoff  G  (2003)  The  concepts  of  ‘plant  functional  types’
and ‘functional  diversity’  in  lake  phytoplankton–  a  new
understanding  of  phytoplankton  ecology?  Freshwater  Biol  48:
1669–1675
Wilken S,  Schuurmans  JM,  Matthijs  HC  (2014a)  Do
mixotrophs  grow  as  photoheterotrophs?  Photophysiological
acclimation  of  the  chrysophyte  Ochromonas  danica  after  feed-
ing. New  Phytol  204:882–889
Wilken  S,  Verspagen  JMH,  Naus-Wiezer  S,  Van  Donk  E,
Huisman  J  (2014b)  Comparison  of  predator–prey  interactions
with  and  without  intraguild  predation  by  manipulation  of  the
nitrogen  source.  Oikos  123:423–432
Wisecaver  JH,  Hackett  JD  (2010)  Transcriptome  analysis
reveals  nuclear-encoded  proteins  for  the  maintenance  of  tem-
porary plastids  in  the  dinoﬂagellate  Dinophysis  acuminata.
BMC  Genomics  11:366
Zubkov  MV,  Tarran  GA  (2008)  High  bacterivory  by  the  small-
est phytoplankton  in  the  North  Atlantic  Ocean.  Nature  455:
224–227
Available  online  at  www.sciencedirect.com
ScienceDirect
